ABSTRACT This paper investigates the problem of guaranteed cost control of an interval type-2 TakagiSugeno fuzzy descriptor systems with time-varying delays satisfying probabilistic characteristics. In order to fully consider the delay distributions, the delay segmentation approach is introduced. Then, an interval type-2 fuzzy controller is designed such that the closed-loop fuzzy descriptor system is regular, causal, mean square asymptotically stable, and the corresponding quadratic cost function is guaranteed which lower than a certain upper bound. Finally, one simulation example is given to demonstrate the effectiveness of the proposed method.
I. INTRODUCTION
Descriptor systems are a kind of dynamical systems which are more extensive than traditional state-space systems. As an independent branch of modern control theory, descriptor systems are widely used to describe the economic systems, power systems, circuits systems and robot systems. Therefore, many important results on analysis and synthesis have been given for descriptor systems, for examples [3] - [6] and references therein. Meanwhile, the concept of passivity is widely used in many aspects of system control, especially for the switched stochastic systems [1] , [2] , [7] , complex networks [8] , and fuzzy systems [9] .
It is known that Takagi-Sugeno (T-S) fuzzy model is an efficient mathematical tool to describe and analyze complex nonlinear systems. More recently, some remarkable results on descriptor fuzzy systems have been published [10] , [11] , [28] . It should be pointed out that the membership values of type-1 fuzzy systems are precise number in [0, 1] while the membership grades of type-2 fuzzy systems are themselves type-1 fuzzy sets. Then, the type-2 fuzzy system can better handle the higher level uncertainties in a nonlinear plant than type-1 fuzzy sets [12] , [13] , [18] , [21] , [22] , [26] . In [14] , a new sliding controller for the closed-loop system is designed, which is based on type-2 T-S fuzzy theory and sliding mode surfaces. In [15] , nonlinear networked fuzzy systems filter is investigated, which is designed with the interval type-2 (IT-2) fuzzy set approach, the parameter uncertain consideration intermittent data packet dropouts and quantization are handled by lower and upper membership functions and relative weighting functions of type-2 T-S fuzzy system. However, to the best of the authors' knowledge, until now, there are still a few results about the control and design of delayed descriptor systems based on IT-2 fuzzy model.
On the other hand, guaranteed cost control can guarantee the system stable and adequate level of performance of robust uncertain systems [23] . For guaranteed cost control, many systems have the corresponding results, such as [16] and [17] . It is difficult to design the feedback control for descriptor system, which assures the closed-loop system admissible and guarantees an adequate level of performance. Further, the system with time-delay will be more complex, [19] studies guaranteed cost control of the discrete descriptor bilinear systems with constant time-delay. The T-S fuzzy descriptor systems with time-delay are investigated in [20] , in this paper, the fuzzy state feedback controller is designed via parallel distributed compensation to guarantee the admissible of the closed-loop fuzzy system and provide an optimized upper bound of the guaranteed cost function.
The primary goal of this paper is to investigate the guaranteed cost control problem for type-2 fuzzy descriptor systems with state delay which has probability characteristics. Based on delay segmentation principle and by using the information of the delay-distribution, we devote to designing guaranteed cost controller which can minimize the cost performance index. In the light of above model, a novel Lyapunov-Krasovskii functional is constructed with fuzzy decision information to reduce the conservativeness of the existing condition. Then the guaranteed cost controller has been designed, and the feasibility conditions are obtained to ensure that the fuzzy systems are mean-square asymptotically stable and minimizes the upper bound of a given cost function. Finally, the advantage of the controller coordinated design technique is illustrated by one example.
The prominent contributions of the proposed results in this paper, which mainly involve the use of the optimal delay partitioning technique and the stochastic delay distribution, are summarized as follows: i) To improve the delay-dependent stability condition, a novel solution is established by partitioning the bound of the time-varying delay into subintervals for the IT-2 fuzzy delayed systems, which further reduces the conservativeness. ii) To optimize the computational complexity introduced by the non-uniform delay partitioning technique, the reciprocally convex scheme is applied to process the delay information of each subinterval. iii) To reduce the conservativeness affected by timevarying delay in our work, each delay information is taken into account during the construction of the Lyapunov-Krasovskii function. The remainder of this paper is organized as follows. In section II, the problem is formulated and some preliminaries are given. The design of the proposed type-2 fuzzy modelbased guaranteed cost controller is presented in section III. In section IV, one simulation example is provided to validate the merit and effectiveness of our results. Finally, the conclusions are given in section V.
Notations: The notations used throughout the paper are fairly standard. R n denotes the n-dimensional Euclidean space (R for n = 1), R m×n is the set of all real matrices of dimension m × n and the notation P > 0 means that P is real symmetric and positive definite; I and 0 represent identity matrix and zero matrix; the notation · refers to the Euclidean norm of a vector or its induced norm of a matrix; λ min (P) (λ max (P)) denotes the minimum (maximum) eigenvalue of symmetric matrix P. ϕ n,h C([−h, 0], R n ) denotes the Banach space of continuous vector functions mapping the interval [−h, 0] into R n . Prob is the probability measure on F.
II. PROBLEM STATEMENT AND PRELIMINARIES
Consider the following IT-2 T-S fuzzy descriptor system with time-varying delays:
Plant Form:
where x(t) ∈ R n , u(t) ∈ R m are the state vector and control input vector, respectively, and ψ(t) is the initial state vector; E may be singular, that is, rank(E) n; system parameters A i , A hi , and B i are known constant matrices with appropriate dimensions; The firing strength of the ith rule is varied in the interval sets:
where
where ς i (x(t)) is the lower grade of membership,ς i (x(t)) denotes the upper grade of membership; the lower membership function is δ ϑ il (f l (x(t))), andδ ϑ il (f l (x(t))) is the upper membership function.
For a given pair of (x(t), u(t)), a more compact presentation of the descriptor IT-2 T-S fuzzy system (1) can be described by
and
where σ i (x(t)) andσ i (x(t)) are nonlinear functions.
The main target of this paper is to design a modeldependent IT-2 T-S fuzzy controller for the system (2), which makes the following cost function of the system meet certain requirement:
Then, the following IT-2 T-S fuzzy controller will be designed:
θ js is the fuzzy set, The following interval sets are the firing strength of the jth rule:
denote the lower and upper grades of membership, and
are the lower and upper membership functions. Thus, for all j,ῡ j (x(t)) ≥ υ j (x(t). The overall output of the IT-2 fuzzy controller can be rewritten as:
are nonlinear functions and satisfy m j (x(t)) +m j (x(t)) = 1 for all j.
Then, the closed-loop fuzzy singular system which combined with (2) and (5) is described by
and the cost function is
Remark 1: In this paper, we propose a delay segmentation method to reduce the conservative during the stability analysis. Given a positive integer r, and the interval
Define the set
It is obvious that s = R + , and
) is a multinomial distributed stochastic variable sequence with
Remark 2: From Assumption 1, it can be shown that for any j, s = 1, 2, · · · , r and j = s
On the basis of the analysis above, system (7) is equivalently represented as:
Before processing further, we first give the descriptor delayed system:
The following definitions and lemmas are introduced for system (10) which will be used in later theoretical derivations.
The following definitions are introduced for the unforced linear delayed descriptor system. For the definition of robust admissible, please refer to [25] for details.
Definition 2: The descriptor system (10) is said to be asymptotically stable in the mean-square sense, if for any compatible initial condition ψ(t), the solution x(t) satisfies lim t→∞ E x(t) 2 = 0. Definition 3: The descriptor system (10) is said to admissible in the mean square sense if it is regular, impulse-free and mean square asymptotically stable.
Definition 4: Consider the system (7), if there a controller (5) and a positive scalar J * such that closed-loop system (7) is admissible in the mean-square sense, and the value of the cost function (8) satisfied J * such that J ≤ J * , then J * is said to be a guaranteed cost, and (5) is said to be a type-2 fuzzy guaranteed cost controller for the system (7).
Lemma 1: Given R ∈ R n×n satisfies R > 0, and
Proof: For any integral function α(t) and which admits a continuous derivative, define the function z given, for all
This completes the proof.
III. MAIN RESULTS
In this section, it is assumed that the controller gains in (7) are already known. Combined with the Lyapunov-Krasovskii method, we will perform an admissible in the mean square sense which dependents on the delay-partition and delaydistribution. Further, the cost function is guaranteed to be lower than a certain upper bound. Theorem 1: Consider the descriptor system (9) with the controller function (5) and cost function (8) 
Then the feedback controller (7) is guaranteed cost controller such that systems (9) is admissible in mean square sense, and
is the cost function upper bound. Proof: First, the regularity and impulse-free of the fuzzy descriptor system (9) are proved. Without loss of generality, suppose the matrix E as:
then, from (11) the invertible matrix P can be defined as:
where P 1 ∈ R d×d > 0, P 3 ∈ R (n−d)× (n−d) > 0 are invertible. Similar to the matrix P, the matrices can be partition as:
From (12), we have ij11,1 < 0. Then, according to Q s > 0, Z s > 0, s = 1, 2, · · · , r − 1 and Z r > 0, Z r+1 > 0, the following inequality holds:
Substituting (13) into (14), one can gets that
where are the matrices irrelevant to the next proof.
If (15) is hold, then
Since
υ j (x) = 1, we can get
Then, we sure that
Then, left and right multiplying the (16) by ξ T and ξ
Which contradicts (16) . Thus,
Then, fuzzy descriptor type-2 system (9) is regular and non-impulse. Next,we prove the mean-square asymptotically stable analysis of systems (9) . Choosing a Lyapunov-Krasovskii functional candidate is as follows:
Assuming L is infinitesimal operator, we can obtain that
Using Lemma 1, the following inequalities hold
It can be provided from (9) thaṫ
From (12) we have
By schur complement and ij < 0 is easy to get
. (17) Let λ = min{λ min (−¯ ij )}, then
that is mean
From Definition 2 and (18), we conclude the system (8) asymptotically stable in mean-square sense.
Integrating left side and right side of (17) from the interval
This completes the proof. Remark 3: Theorem 1 contains the linear matrix inequality conditions E T P = P T E ≥ 0 and ij11,1 < 0 for the mean square sense asymptotically stability of system (9) . In addition, the LMI condition [24] , where Y ∈ R n×n is a positive definite matrix and Y ∈ R (n−rank(E))×(n−rank(E)) . Then, the positive matrix P can be valid even if P is not positive definite. In this paper, conditions (11) and (12) 
Next, an IT-2 fuzzy guaranteed cost controller (5) will be designed, which makes the closed-loop IT-2 T-S fuzzy systems (9) are regular, causal, mean square asymptotically stable, and the corresponding quadratic cost function are guaranteed to be lower than a certain upper bound.
Theorem 2: For given matrices Q > 0 and R > 0, if there exist matrices V j > 0, Q s > 0, Z s > 0, s = 1, 2, · · · , r − 1, Z r > 0, Z r+1 > 0 and invertible matrix P and U , which are satisfied (11) and the following conditions are satisfied for all i, j = 1, 2, · · · , N . Then, the closed-loop systems (9) are regular, non-impulsive and mean square asymptotically stable.
Furthermore, if the (19) are feasible, the controller gain matrices can be designed by K j = V −1 j U , and
is the upper bound of cost function. Proof: By schur complete (12) is equivalence to
By (19) , this completes the proof. This theorem provides a sufficient condition for the closedloop IT-2 T-S fuzzy systems (9) which is regular, causal, mean square asymptotically stable by designed an IT-2 fuzzy guaranteed cost controller (5) . It should be pointed out that there are still a few results about the control and design of delayed descriptor systems based on type-2 T-S fuzzy model. In addition, the IT-2 fuzzy controller (5) can make the corresponding quadratic cost function be lower than a certain upper bound. 
IV. ILLUSTRATIVE EXAMPLE
To validate the merit and effectiveness of our results, a numerical example is provided in this section. Considering the following T-S fuzzy system in the form of (9) with i = 1, 2, the matrices are given as follows:
First, the type-2 fuzzy model membership functions are given in Table 1 . Two types of uncertain parameters form 1 and form 2 are considered. Assuming that x 1 (t) ∈ [−10, 10], the nonlinear functions can be defined as
Then, the membership function can be obtained under the fuzzy rules which is defined in (3) . The fig.1 shows the lower and upper membership functions of type-2 fuzzy system. The w 1 (x 1 (t)) with type-2 uncertain parameters is shown in picture (a), data1 and data2 which represent the lower and upper bounds of membership functions with the form 1 uncertain parameters; data3 and data4 which represent the lower and upper bounds of membership functions with the form 2 uncertain parameters. Picture (b) is the w 2 (x 1 (t)) with type-2 uncertain parameters, data1 and data2 are the boundary of membership functions with the form 1 uncertain parameters; data3 and data4 are the boundary of membership functions with the form 2 uncertain parameters. Thus, different type-2 membership functions are given by choosing different uncertain parameters. Next, the fuzzy feedback membership functions with uncertain parameters are in Table- Tables 3-6 show the allowable upper time-delay bound for the system (9) which is admissible in the mean square sense. Fixed π s = · · · = π r−1 = 0.01, the time-delay upper bound h will increase when positive integer r is increased. Further,for fixed r and π s , s = 2, · · · , r − 1, when π s is increased, the upper bound h of the delay is increased. From Table-3, the allowable upper time-delay bound is 1.5 when r = 2 and π 1 = 0.9, π 2 = 0.1. Then the closed loop control system (9) is sustainable under type-2 control law of the form (6), the feedback gains K j are given by 
V. CONCLUSION
The guaranteed cost controller design issue has been addressed for type-2 Takagi-Sugeno fuzzy descriptor systems subject to time-varying delays satisfied probabilistic characteristics. By applying delay segmentation approach, type-2 fuzzy controller design approaches have been obtained. Some comparisons between the approaches have been discussed by the numerical example. In the simulation, we provide an example to illustrate the correctness and effectiveness of the proposed approaches. Last but not least, it should be pointed out the systems with uncertain transition probabilities are always inevitable to happen in practical applications, which needs our further investigation.
